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Available online 21 June 2015AbstractAs a typical tight sandstone gas field with strong heterogeneity, the Sulige Gas Field in the Ordos Basin faces major challenges in its
development because the reservoirs in the gas field are small in effective sand scale, rapid in lithologic change, strong in plane heterogeneity, and
poor in connectivity. How to scientifically deploy development wells to improve the recovery is the most important issue for the successful
development of this kind of gas fields. Therefore, a well inference analysis was conducted to figure out the impact of well pattern density on the
recovery based on the research of many years in gas field development methods and the summary of practical effect. In this paper, we put
forward for the first time the concept of inter-well interference probability, and present the relationship between the probability of inter-well
interference and well pattern density of the Sulige Gas Field. Then we established a mathematical model for the optimization of development
well pattern by combining fine sand anatomy, reservoir engineering, numerical simulation and economic evaluation, and obtained a quantitative
relationship between recovery and well pattern density. Furthermore, on the basis of comprehensive analysis, a reasonable development well
pattern was designed for the Sulige Gas Field: this well pattern is parallelogram in shape, with a density of 3.1 wells/km2, well spacing of 500 m,
and row spacing of 650 m. Development practices have confirmed that this scheme is capable of achieving better economic benefits, producing
geological reserves as far as possible and improving the ultimate recovery of such gas fields.
© 2015 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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EOR technology has become a major subject to enhance the
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paper takes the typical tight sandstone gas field, the Sulige Gas
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provide reference for continuously improving the development
level of tight sandstone gas reservoirs in similar gas fields.
Under current economic and technical conditions, the re-
covery factor of tight sandstone gas fields with strong het-
erogeneity is affected mainly by the following factors:
development well pattern, abandonment conditions, well
deployment, production mode, horizontal well and formation
water production. They affect the recovery factor in different
mechanisms and degrees. Our series of papers will present
such degrees in order to provide guidance for gas field re-
searchers to focus on the ultimate economic recovery factor ofElsevier B.V. This is an open access article under the CC BY-NC-ND license
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maximize their economic recovery.
1. Development well pattern optimization model
Research and development practices show that the devel-
opment well pattern is one of the main factors affecting the
recovery of strongly heterogeneous tight sandstone gas fields.
If the well pattern is too sparse, the reserves will be poorly
controlled and difficult to be fully produced due to the poor
connectivity and strong heterogeneity of reservoirs, resulting
in low ultimate recovery factor. If the well pattern is too dense,
well interference will become severe; in this case, although
recovery factor can be further improved, economic profit will
be poorer. Therefore, seeking for a reasonable development
well pattern which can achieve both good economic benefits
and high recovery is a continuously pursued goal.
The study on development well pattern optimization in-
volves many aspects, including the in-depth understandings of
geological characteristics, production performance and varia-
tion pattern of gas wells. In particular, the relationship be-
tween well interference probability and well pattern density
must be found out based on a large number of interference test
results, then the development well pattern optimization model
can be constructed.1.1. Fine sand descriptionIn order to confirm the scale of effective sands, the well
pattern of Wellblocks Su6 and Su14 was infilled. The indi-
vidual sands of Members He8 and Shan1 were characterized
by using the drilling data of the infilled area. The results of
fine sand characterization show [1e7] that the sands are
mostly 2e5 m in effective thickness (80% is less than 5 m),
500e800 m in effective width (50% is less than 500 m), and
less than 1200 m in effective length (50% is less than 900 m).
The results above are static statistics. If the strong hetero-
geneity of the plane is considered, the dynamic continuous
width and length of effective sands would be even smaller.
Therefore, the Sulige Gas Field must be developed with dense
well pattern due to its geological conditions in order to
improve the producing degree of reserves and recovery.1.2. Prediction of cumulative gas productionFig. 1. Identification curve of gas well production decline type.The cumulative gas production of a gas field is the sum of
cumulative gas production of each gas well in the gas field, but
the cumulative gas production forecasting model for gas wells
without interference and that for wells with interference
should be constructed separately.
1.2.1. Prediction of cumulative gas production for gas wells
without interference
Under non-interference conditions, the production perfor-
mance and recovery effect of a gas well are not related to well
pattern density, so the well can be regarded as an “individual
well gas pool”. The actual production data of gas wellswithout interference in the central block of the Sulige Gas
Field indicate that the production decline accords with the
decline pattern of depletion drive (Fig. 1).
Arps production general formula [8e10]:
q¼ qi
ð1þ nDitÞ
1
n
ð1Þ
Where, q is gas well production, 104 m3/d; qi is initial pro-
duction of gas well, 104 m3/d; n is decline exponent; Di is
initial decline rate, 1/month; t is production time, month.
Taking n ¼ 0.5, the depletion production decline equation
is:
q¼ qið1þ 0:5DitÞ2
ð2Þ
The cumulative production of gas wells during the decline
period can be expressed as:
Gp0 ¼
Z t
0
qdt ð3Þ
where, Gp0 is the cumulative production of non-interference
gas wells during life cycle, 104 m3.
Put Eq. (2) into Eq. (3):
Gp0 ¼ 2qi
Dt
"
1

qi
q
0:5#
ð4Þ
Eq. (4) can be transformed into:
1
Gp0
¼ 0:5Di
qi
þ 1
qit
ð5Þ
Let a ¼ 0:5Diqi ; b ¼ 1qi, we got:
Gp0 ¼ t
atþ b ð6Þ
The value of a and b can be fitted with Eq. (5), then they are
put into Eq. (6) to obtain the expression of predicted cumu-
lative gas production of gas wells without interference. By
fitting the production curves of gas wells without interference
in the Sulige Gas Field, we worked out the average values of a
(0.00032755) and b (0.019746); if the time (t) is converted into
year, Eq. (7) below is obtained:
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0:000 343 25 tþ 0:001 645 5 ð7ÞFig. 3. Relationship between dimensionless cumulative gas production of in-
dividual well and well pattern density.1.2.2. Cumulative gas production prediction for gas wells
with interference
If there is interference between wells, the wells are con-
nected with each other and the developed target can be
regarded as one gas pool. In this case, the cumulative gas
production of individual well is closely related to well pattern
density - the higher the well pattern density, the more serious
the inter-well interference and the smaller the cumulative gas
production of individual well. The homogeneous geological
model was constructed by use of the average formation
parameter of Block Su6 and the cumulative gas production of
individual well was forecasted by numerical simulation
method. Then, the variation pattern of cumulative gas pro-
duction of gas wells under interference condition was ob-
tained, as is shown in Fig. 2.
Fig. 2 shows that with the increase of well pattern density,
the well interference becomes more serious and the cumulative
gas production of individual well gradually decreases.
In order to eliminate the defect that the homogeneous
geological model overestimates development indexes, the
cumulative gas production of individual wells in Fig. 2 was
nondimensionalized in order to link dimensionless cumulative
production with well pattern density. The relationship between
them established in this way is shown in Fig. 3.
Fig. 3 shows that the ratio of the cumulative gas production
of gas wells with interference (Gp1) to the cumulative gas
production of gas wells with no interference (Gp0) are closely
related with well pattern density. Through regression analysis,
we can get:
Gp1
Gp0
¼0:001S4þ 0:021 7S30:153 2S2þ 0:300 6Sþ 0:825 7
ð8Þ
Where, Gp1 is the cumulative gas production of gas wells with
interference, 104 m3; S is well pattern density (wells km2）.Fig. 2. Relationship curve between cumulative gas production of individual
well and well pattern density.1.3. Quantitative description of well interference
probability
1.3.1. Well interference probability
When the development well pattern density is low, there is
no interference between wells or the probability of well
interference is very low. As the development well pattern
density increases, the probability of well interference will go
up significantly. In this paper, the probability of well inter-
ference is defined as the ratio of interference well number to
total well number, which can be expressed as:
F ¼ n1=ðn1 þ n2Þ
where, F is the probability of well interference; n1 is the
number of wells with interference; n2 is the number of wells
without interference; n1þ n2 is the number of total wells.
1.3.2. Relationship between the probability of well
interference and well pattern density
In order to confirm the connection between gas wells
drilled in the Sulige Gas Field, a large number of well inter-
ference tests have been conducted. Based on the results, the
relationship between the probability of well interference (F3)
and well pattern density has been found out (Fig. 4).
After regression analysis, the equation below is obtained:Fig. 4. Relationship between the probability of well interference and well
pattern density.
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þ 586:13 ð2:5<S<3:8Þ
ð9Þ
In Fig. 4, when well pattern density is < 3 wells/km2, the
probability of well interference is low (<10%). With the in-
crease of well pattern density, the probability of well inter-
ference soars. When well pattern density is > 3.5 wells/km2,
the probability of well interference will be > 60%, that is to
say, over 60% of gas wells will experience well interference.
The relationship between well interference probability and
well pattern density is very important, since it is the basis for the
establishment of the optimization model for the development
well density in gas field. Its establishment requires a large number
of well interference test results and detailed statistical analysis.Fig. 5. Recovery factor curve at different development well pattern densities.1.4. Well pattern density optimization model
1.4.1. Basic parameters
Parameters are assumed as follows: development area A
(km2), reserve abundance B (108 m3/km2), well pattern density
S (wells/km2), commodity rate V, natural gas selling price P
(Yuan/1000 m3), individual well investment b (Yuan/1000 m3),
unit gas production operating cost C (Yuan/1000 m3), taxes W
(Yuan/1000 m3), and profit LR (104 Yuan).
1.4.2. Well pattern density optimization model (static
model)
The optimization of development well pattern density takes
economy as yardstick, and the profit obtained during the life
cycle of a gas field as judgment standard. When the profit is 0,
the well pattern density is the economic limit well pattern
density (Sm); when the profit is maximum, the well pattern
density is the best well pattern density (Sb).
The total profit obtained during the entire life cycle of the
development area is [11]:
LR¼ Total sales revenueTotal expenditure ð10Þ
Where, Total sales revenue ¼ Cumulative gas production 
Commodity rate  Natural gas price.
Cumulative gas production¼ Gp1n1þGp0n2
¼ Gp1ASF3þGp0AS ð1F3Þ
¼ AS Gp1F3þGp0 ð1F3Þ
ð11Þ
Total expenditure¼ ASbþCumulative gas production
Commodity rate
 ðOperating costþTaxesÞ ð12Þ
Taking the formulas above into Eq. (10), we get:
LR¼ 10AS Gp1F3þGp0 ð1 F3ÞV ðPCWÞ ASb
ð13ÞLet LR ¼ 0, the economic limit well pattern density can be
expressed as:
10ASV ðPCWÞ  Gp1F3 þGp0ð1F3ÞASb¼ 0
ð14Þ
Solving Eq. (14) with trial and error method can determine
the economic limit well pattern density of development area
(Sm).
In Eq. (13), by obtaining the derivative of S and letting dLR/
dS, we can get the economic best well pattern density (Sb).
When the other related parameters are taken into the for-
mula, the economic limit well pattern density calculated is
5.34 wells/km2, while economic best well pattern density is
3.14 wells/km2.
2. Prediction of gas field recovery factor2.1. Establishment of gas field recovery forecast modelBased on the definition of gas field recovery factor, the
recovery forecast model at different development well pattern
densities can be obtained:
R¼ Gp
104N
¼ AS

Gp0ð1F3Þ þGp1F3

104N
ð15Þ
Where, Gp is cumulative gas production of the gas field,
104 m3; R is recovery factor of the gas field; N is producing
geological reserves, 108 m3.
When Gp0, Gp1 and F3 are taken into Eq. (15), the recovery
curve at different development well pattern densities can be
obtained (Fig. 5) (reserve abundance is taken as 1.4  108 m3/
km2).
Fig. 5 shows that, in the case of no well interference, the
recovery factor increases linearly with the increase of well
pattern density, but when well pattern density reaches a certain
value, the increase magnitude of recovery factor decreases.
Then, the recovery factor of gas field hardly increases, indi-
cating serious well interference. In this circumstance, infilling
well pattern can neither enhance recovery factor of the gas
field, nor be economical.
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Gas Field and its corresponding recovery factorFig. 6. Relationship between well pattern density and after-tax rate of return.The reasonable development well pattern of gas field refers
to the development well pattern that can meet requirement of
the geological features, ensure certain economic profits, and
achieve high development indexes under current technological
and economical conditions.
2.2.1. The development well pattern form of the Sulige Gas
Field
At present, since gas fields are generally developed by
natural energy depletion, little effort has been put into the
study on the development well pattern form of gas fields. In
this paper, the development well pattern form was prelimi-
narily studied based on the geological features of the Sulige
Gas Field [12,13].
Drilling results show that there are multiple sets and phases
of gas-bearing layers developed in the Sulige Gas Field and
the effective sand of single phase is small in scale. On the
plane, braided river channels have frequent shift in lateral
direction and meandering river channels have large curvature
and abrupt change.
Since in vertical direction, multiple sets of gas-bearing layer
series were formed in different geological periods and located in
different channels, the channels formed in different geological
periods wouldn't be superimposed with each other. The wells
should be deployed in a staggering pattern in order to control
and produce more reserves in different gas-bearing layer series.
On the plane, the effective sands of individual phases are
small in scale and fast in change, and there are lithological and
physical barriers in between effective sands of different pha-
ses, therefore, the well pattern should be deployed in stag-
gering form too in order to control and produce more
geological reserves of different phases.
From the concept of balanced development, the staggering
development well pattern is conducive to balanced develop-
ment, leading to more even decline of formation pressure and
more reasonable control scope.
In summary, the well pattern of the Sulige Gas Field should
adopt a quadrilateral well pattern.
2.2.2. Reasonable development well pattern density of the
Sulige Gas Field
Three indexes are taken as the basis for selecting the
reasonable development well pattern density of the Sulige Gas
Field.
2.2.2.1. Geological requirements. The geological conditions
of the Sulige Gas Field are complex (strong planner hetero-
geneity and poor connectivity), therefore, higher development
well pattern density which would not cause massive well
interference is required in order to produce the geological
reserves to the maximum degree.
2.2.2.2. Economic index. Under the current technical and
economic conditions, the financial internal rate of return aftertax should reach 12%, the basic return rate required by the oil
industry.
2.2.2.3. Development index. Under the premise of reaching
economic index, the higher the recovery factor of the gas field,
the better.
2.2.3. Reasonable development well pattern of the Sulige
Gas Field
The optimum economic well pattern density obtained from
the static model is 3.1 wells/km2, but the static model does not
take investment composition and currency time value as well
as depreciation and annual repayment amount into consider-
ation. If these factors are taken into consideration, the static
model will become difficult to be characterized by use of
mathematical model, therefore, in reference to the industry
regulation of “the methodology and parameter of economic
evaluation of construction project of China National Petro-
leum Corporation” (version 2012) jointly prepared by the
Planning Department and Planning Institute of China National
Petroleum Corporation, the economic evaluation results at
different well pattern densities were obtained (Fig. 6).
It can be seen from the figure that at the optimal well
pattern density of 3.1 wells/km2, the probability of well
interference is less than 20%, the after-tax internal rate of
return reaches the basic return rate required by industry of
12%, and the corresponding recovery factor of the gas field
can reach 50%. Therefore, it is concluded that the reasonable
well pattern density of the Sulige Gas Field is 3.1 wells/km2.
After the systematic research and analysis above, it is
recommended that the reasonable development well pattern
for the Sulige Gas Field take parallelogram shape, with a well
pattern density of 3.1 wells/km2, well spacing of 500 m and
row spacing of 650 m. The current development well pattern
of the Sulige Gas Field is 600 m  800 m parallelogram well
pattern, so it is recommended to reduce the well spacing to
500 m  650 m further, then the recovery factor of the Sulige
Gas Field will be enhanced from 35% now to 50%.
3. Conclusions and understandings
1) Based on the research results and actual effect analysis
of the development method of the Sulige Gas Field, the
100 Li YG et al. / Natural Gas Industry B 2 (2015) 95e100impact of well pattern density on recovery factor of
sandstone gas fields with low permeability and strong
heterogeneity was examined from the perspective of
development well interference, it is made clear that
development well pattern density is the main factor
affecting the recovery factor of tight sandstone gas fields
with strong heterogeneity; moreover, the rationality and
optimization of this type of development well pattern
have been comprehensively discussed, opening up a new
approach for the research on the recovery factor of gas
fields.
2) The concept of probability of well interference was firstly
proposed, and the relationship between probability of well
interference and well pattern density was revealed; more-
over, the influencing degree and regularity of well pattern
density on the recovery factor of a sandstone gas field with
low permeability and strong heterogeneity were analyzed
in detail, based on this, the quantitative description math-
ematical model between gas field development well
pattern density and recovery factor was established, which
deepens the understanding of the rationality of the devel-
opment well pattern density of gas fields.
3) Based on the optimization of the development well
pattern density to obtain the maximum development
economic benefits of gas fields (gas pool), the principle
and idea of optimizing development well pattern density
were proposed. Taking the profit obtained within the
entire life cycle of the gas pool as judgment standard, the
economic limit well pattern density corresponds to
0 profit, and the optimum economic well pattern density
corresponds to the maximum profit. This new concept
and new method can provide guidance in improving the
technical and economic effects of the development of
tight gas fields with strong heterogeneity.
4) The mathematical model of development well pattern
optimization for gas fields based on fine sand descrip-
tion, reservoir engineering, numerical simulation and
economic evaluation was established; through cumula-
tive gas production prediction for wells with and without
interference, the evaluation of the ultimate recovery
factor is quantified, and the economic limit and optimum
economic well pattern density can be worked out.5) It is concluded from the study that the reasonable well
pattern for the Sulige Gas Field should be in parallelo-
gram shape with a density of 3.1 wells/km2, so the
existing well pattern still has room for further infilling. If
the well and row spacing is reduced to 500 m  650 m,
the recovery factor of the Sulige Gas Field could be
enhanced from 35% not to 50%.References
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